In this paper, a multiple light-emitting diode (LED) collaborated signal design based on amplitude-phase superposition (MLC-APS) for multi-input single-output visible light communication (VLC) systems is proposed. By using the additive unique factorization technique, all the LED chips can be viewed as transmitting in parallel to increase the rate of VLC systems. In the MLC-APS system, each LED adopts on-off-keying (OOK) modulation, and therefore, the influences of peak-to-average power ratio and clipping are reduced significantly. Simulation results show its significant error performance gains over the directcurrent-biased optical orthogonal frequency division multiplexing (OFDM) system.
Introduction
Visible light communication (VLC) is considered to be an appealing alternative to radio-frequency technology for indoor wireless broadband transmission, which utilizes the illuminating light-emitting diodes (LEDs) and operates on the license-free visible spectrum [1] , [2] . However, limited modulation bandwidth, frequency-selective channel characteristics, and the nonlinear working region of commercial LEDs are the bottlenecks of the transmission rate for VLC systems [3] - [7] .
In most of the VLC experimental systems ever reported, the signal was superimposed on direct current (DC) power supply via a Bias-Tee device that supportes orthogonal frequency division multiplexing (OFDM) and other modulation techniques. However, the transmitting performance is severely limited by the high peak-to-average power ratio (PAPR) of multi-carrier modulation signals [8] - [14] . In VLC systems, the characteristics of the LED transmitters, such as the non-linear behavior of the voltage-to-current (V-I) conversion, and the minimum/maximum forward current restriction will cause amplitude distortion and signal clipping, and hence degrade the bit-error-rate (BER) performance when the signal PAPR is high [10] - [14] . The maximum allowable AC voltage (corresponding to the maximum allowable forward current) and the turn-on voltage (TOV) of VLC systems are considered in [11] - [15] . The most surprising finding of these studies is that the BER performance will degrade when the signal power is beyond the optimum value due to clipping distortion.
In VLC systems, an LED lamp usually consists of multiple chips which are beneficial to parallel transmission to achieve high data rate communication. If different LED chips are parallelled up, the nonlinearity of illuminating LEDs can be avoided and high transmission speed can be achieved even if on-off-keying (OOK) modulation is used [15] - [19] . An optical digital-to-analog converter implemented by switching LEDs in an array, and optical linear transmitters consisting of several on-off-switchable LEDs have been proposed to avoid the nonlinearity issues [16] - [18] . In order to achieve high speed transmission, the amplitude superposition modulation [19] and the phaseshifted superposition modulation have been proposed for VLC systems [15] , respectively. For an LED lamp with N LED chips, the power step levels of the amplitude superposition system, or the sampling rate of the phase-shifted superposition system, should be at least N . When N is large, it will be impractical.
In this paper, we will propose a multiple LED collaborated signal design based on amplitudephase superposition (MLC-APS) for multi-input single-output (MISO) VLC systems. To sum up, the contributions of this paper can be summarized as follows.
1) A multiple LED collaborated signal model for MISO VLC systems is presented, where all the LED transmitters are transmitting signals simultaneously but only one photo-detector (PD) is used at the receiver. A general scheme of multi-LED collaborated signal design and detection is developed. 2) By using the additive unique factorization technique, all the signals can be detected uniquely at the receiver side. Therefore, all the transmitters can be viewed as independent transmissions, so as to achieve multiple times spectral efficiency. Furthermore, in MLC-APS systems, all the LED chips adopt OOK modulation, and therefore, the influence of PAPR and clipping will be reduced significantly.
3) The MLC-APS signals for N = 3, 4, .., 10 are designed. Simulation results show that the proposed scheme obtains significant performance gains over currently available DC-biased optical OFDM (DCO-OFDM) scheme.
System Model
In this paper, we consider a MISO VLC system with an LED lamp at the transmitter and only one PD at the receiver, as shown in power of all the LED chips within the same group is identical but that of different groups is different. Let the power factor of the kth group be a k , which is a nonnegative integer. Then, the average transmitting power constraint of the entire system is expressed as P s = Q k=1 N k a 2 k /2. At the transmitter, a high speed serial bit stream is parallelized into N bit streams. Then each bit stream is modulated into OOK symbol and the symbol period is T s . As depicted in Fig. 1 , in the kth group, the jth branch has a T s /N Q shifted phase compared with the previous branch, j = 2, · · · , N k . The intensity signals from different LED chips are mixed when the light beam passes through the lamp shade. Suppose that the superposition of the intensity signals is linear, and the channel gains from different LED chips to the receiver are equal. Then, the received signal is
where s kj ∈ {0, 1}, g(t) is a rectangular pulse whose width is T s , h eoe is the electro-optical-electrical (EOE) channel gain, n(t) is an additive white Gaussian noise (AWGN), and its main sources are shot noise and amplifier thermal noise. Lets kj = s kj , if j ≤ N k , otherwises kj = 0. Then, (1) can be rewritten as
where x j = Q k=1 a kskj , j = 1, 2, ..., N Q . Let the sample interval be T s /N Q , it seems that each symbol is repeatedly sampled by N Q times at the receiver. Then, we can obtain the signal structure of the MLC-APS system as depicted in Fig. 2 . Therefore, at the receiver, the sampled sequence of the received signal can be expressed in the following vector form:
where r is a (
T , and n is a (2N Q − 1) × 1 real valued AWGN vector with independent and identically distributed entries obeying N 0, σ 2 [1] , [7] , [15] . The equivalent signal matrix F can be expressed as 
Since x 1 = a 1s11 + a 2s21 + · · · + a QsQ 1 , x 2 = a 1s12 + a 2s22 + · · · + a QsQ 2 , ..., and x N Q = a 1s1N Q + a 2s2N Q + · · · + a QsQ N Q , the received vector form can be expressed as
where
We can observe that X is of full rank, and therefore, the maximum likelihood (ML) detection can be used to estimate the N Q signals in vector x = [x 1 ,x 2 , · · · ,x N Q ]
T at the receiver side as follows:
Additive Unique Factorization
From (7) Q groups. Thus, the synthesis signal at the receiver is equivalent to a higher order modulation signal uniquely. We call it as additive unique factorization for constellations. Now, we use the mathematics inductive method to perform the power allocation. Let a Q = 1. When the number of groups is Q = 2, since x j = a 1s1j + a QsQ j , and a QsQ j ranges from 0 to 1, we can obtain that a 1 ≥ 2, let a 1 = 2, a 1 : a Q = 2 : 1. When the number of groups is Q , assume that the power allocation of the last Q − 1 groups meets a 2 : a 3 : · · · : a Q = 2 Q −2 : · · · : 1. Since x j = a 1s1j + a 2s2j + ... + a QsQ j , the possible value of a 2s2j + a 3s3j + ... + a QsQ j ranges from 0 to (2 Q −1 − 1). We can conclude that a 1 needs to meet that a 1 ≥ 2 Q −1 . Hence, to satisfy the requirement of additive unique factorization, the power allocation of the Q groups is 2 Q −1 : 2 Q −2 : · · · : 2 : 1. Then
and therefore, x j can be viewed as a 2 Q PAM modulation signal in general, j = 1, 2, ..., N Q . The additive unique factorization of a constellation with a modulation order 2 Q means that x j is different for arbitrary combination ofs kj , k = 1, 2, ..., Q , and there are only 2 Q possible values in total. Therefore, we can estimates 1j ,s 2j , · · · ,s Q j from x j using PAM demodulation.
By following the signal model and additive unique factorization rule, we have developed a multi-LED collaborated signal design scheme for VLC systems whose procedure is formally described in Scheme 1.
Scheme 1: a multi-LED collaborated signal design for VLC systems based on amplitudephase superposition 1 To estimates 1j ,s 2j , · · · ,s Q j from x j using PAM demodulation. end while. d) s kj =s kj , k = 1, 2, ..., Q , j = 1, 2, ..., N k . Above all, we can conclude as follows. 1) The phase or the power is different for any two LED chips in the MLC-APS system. By using the additive unique factorization, the proposed constellation is equivalent to a multi-LED phase-shifted 2 Q PAM modulation constellation, and thus, we call it multi-LED collaborated signal based on amplitude-phase superposition. 2) Each LED adopts OOK modulation in MLC-APS system and the driver of each LED can be implemented by an on-off circuit. Therefore, compared with the DCO-OFDM system with a high modulation order, the PAPR of MLC-APS system is reduced significantly. 3) In the MLC-APS system, the N LED chips can be viewed as transmitting in parallel. In fact, the block structure can be cascaded. Following the analytical approach in [15] , we can obtain its approximate spectral efficiency as η A P ≈ N (bit/s/Hz ). 4) The group number Q determines the power step levels of the system, and the LED chips number of each group determines the sampling rate of the system. Therefore, it needs to properly select the value of Q and N Q in practical applications. In general, the two numbers should be as equal as possible. The MLC-APS signals for different N we designed are shown in Fig. 3 , where the horizontal axis represents the power allocation ratio of the Q groups, and the vertical axis denotes the shifted phase time within each group. Taking N = 6 as example, there are three power steps (Q = 3) in MLC-APS and the power allocation ratio is 4:2:1; furthermore, there are two shifted phases (N Q = 2), and the sample interval be should be T s /2.
Simulation Results
The high-speed transmission capability and the anti-nonlinearity performance of MLC-APS are verified by the simulation comparisons with those of DCO-OFDM VLC system. For the purpose of fairness, the transmission optical power of both systems is equal and the spectral efficiency of both systems is the same. In the simulations, LED (Seoul Semiconductor F50360) is considered as the light source. We measure V-I characteristics of the LED, as the red dots shown in Fig. 4 , where the TOV is 1.8 V and the maximum forward voltage is 2.6 V. Since the main nonlinearity of LED comes from the V-I transformation characteristics, we utilize a curve to fit the LED transfer characteristic, as the green solid line shown in Fig. 4 . When a voltage is below 1.8 V or above 2.6 V, it will be clipped.
For DCO-OFDM, a size of fast Fourier transform (FFT) of N F = 1024, and a number of guard interval sub-carriers of N g = 4 are considered [10] . Since there are only (N F /2 − 1) independent complex values in DCO-OFDM systems [10] , [15] , the spectral efficiency is η D CO ≈
· log 2 (D ) (bit/s/Hz ), where D is the order of QAM. Hence, to achieve the same spectral efficiency as the MLC-APS system, the corresponding modulation order of DCO-OFDM system should be 2 2N .
PAPR Comparison
The PAPR of a signal can be expressed as
where E[·] stands for the statistical expectation i = 1, 2, ..., L , where L is the length of a frame. Cumulative distribution function (CDF) can be used to describe the probability that the PAPR of a frame doesn't exceed a given reference value PAPR 0 . The CDF of PAPR is given by P (PAPR < Fig. 5 . CDF of the MLC-APS and DCO-OFDM system. 
Error Performance Comparison
Now, we compare the average BER of the proposed MLC-APS system with that of conventional DCO-OFDM system under the equal power and spectral efficiency by simulations.
In the simulation, the number of LED chips N are 3,4,5,6,7,8, respectively. Each LED chip is biased at the value V D C,i = 2.2(V), and the linear operating range is 1.8 ∼ 2.6(V) for each LED chip in the MLC-APS system. For DCO-OFDM, N LED chips are lined up and the DC-bias value is V D C = 2.2 × N (V); thus, the linear operating range is 1.8 × N ∼ 2.6 × N (V). Therefore, the DC part for the two systems is the same, and the illuminating brightness will be the same.
The signal power (only the alternating current part) for both systems is P s which ranges from 0 dBm to 35 dBm. The noise power is fixed as N 0 = −10 dBm, and therefore, the signal-to-noise ratio (SNR = P s /N 0 ) ranges from 10 dB to 45 dB [6] , [10] , [15] .
Figs. 6 and 7 show some performance comparisons about the average BER performance of the MLC-APS system and DCO-OFDM system for different N . We can observe that DCO-OFDM system is better when P s is small and BER is above 10 −3 . The proposed system provides a remarkable performance gain as P s increases. Due to the high PAPR, DCO-OFDM signal often exceeds the linear dynamic range of LED chips. The BER of OFDM is worse when the transmitting signal power is sufficient high, as shown in Fig. 6 , which indicates the clipping noise plays a major role. As shown in Fig. 7 , the BER of DCO-OFDM could not be below 10 −3 no matter how high the transmitting signal is. Therefore, the MLC-APS system has significant error performance gain over DCO-OFDM system in overcoming the nonlinearity of LED with the increase of N .
Conclusion
In this paper, we have proposed a parallel transmission signal design based on the amplitude-phase superposition technology to increase the rate of VLC systems. Meanwhile, the synthesis signal is equivalent to a higher order modulation signal which assures the additive unique factorization at the receiver. Simulation results show that the proposed MLC-APS system has a better performance than DCO-OFDM system due to the reduction of PAPR and clipping.
